We describe the iterative design and evaluation of a geometric interaction technique for bare-hand mid-air virtual pottery. We model the shaping of a pot as a gradual and progressive convergence of the pot-profile to the shape of the user's hand represented as a pointcloud (PCL). Our pottery-inspired application served as a platform for systematically revealing how users use their hands to express the intent of deformation during a pot shaping process. Our approach involved three stages: (a) clutching by proximal-attraction, (b) shaping by proximal-attraction, and (c) shaping by grasp+motion. The design and implementation of each stage was informed by user evaluations of the previous stage. Our work evidently demonstrates that it is possible to enable users to express their intent for shape deformation without the need for a fixed set of gestures for clutching and deforming a shape. We found that the expressive capability of hand articulation can be effectively harnessed for controllable shaping by organizing the deformation process in broad classes of intended operations such as pulling, pushing, and fairing. After minimal practice with the pottery application, users could figure out their own strategy for reaching, grasping, and deforming the pot. Users particularly enjoyed using day-to-day physical objects as tools for shaping pots.
In this paper, we give an comprehensive account of our re-23 cent works [11, 12] by describing the iterative design and evalu- 
Contributions

33
This paper is an extension of our recent work [12] , where 34 we modeled the shaping of a pot as a gradual and progressive 35 convergence of the pot's profile to the shape of the user's hand 36 represented as a point-cloud (PCL). We presented a method that 37 uses the kernel-density estimate (KDE) of the hand's PCL to ex-38 tract the grasp and motion for deforming the shape of a pot in 39 3D space. This feature of our method directly allows a user to 40 shape pots by using physical artifacts as tools without the need 41 for computing any finite set of gestures or hand skeleton. In cus on audiovisual interfaces for creating 3D sound sculptures. 
Hand Grasp
105
Prehension is a common phenomenon in real-world inter-106 actions. Jeannerod [20] notes two functional requirements of 107 finger grip during the action of grasping, (a) adaptation of the 108 grip to the size, shape, and use of the object to be grasped and 
Intent & Controllability
132
The general term intent is literally defined as "the thing that 133 you plan to do or achieve : an aim or purpose". In our case,
134
intent (what one wants to achieve) can be described in terms Since our context is that of deformation, we define the intent in 143 terms of two basic operations: pulling and pushing. These are 144 analogous to structuring operators. 145 We see controllability as the quality of intent recognition 
Rationale for Pottery
153
We have two goals in this paper. First, we seek a con- Stage 3: Based on our experiments, we implemented our fi-209 nal technique for pot deformation using hand PCL (section 6).
210
We used kernel-density estimation to characterize the contact users' intent to push, pull or fair the surface of the pot depend- 
Technique
237
Let h be the location of the hand in 3D space and p be the 
Preliminary Evaluation
263
Our main goal was to examine the feasibility and effec- 
287
The gesture-based prototype uses two simple hand postures, 
Results
320
We categorized the perceived value and user behavior dur- hand movements during the deformation of the pot's profile.
325
Participants in the age range of 11-15 years provided more con-326 trolled movements of the hands during pot shaping with slower 327 and more careful hand movements and accurate hand gestures.
328
They also adopted a more exploratory approach towards the ap- were tedious to use while using virtual tools. This was mainly 346 the case with participants who were completely new to inter-347 faces developed for RGBD cameras.
348
On the other hand, users found the proximal-attraction ap- The profile is deformed based on the proximity of the points on a given hand PCL. Subsequently, each section is re-scaled to obtain the deformed pot surface.
the users seemed to create was that of a surface which "sticks" 
Takeaways
359
The two main insights we gained were: (a) the intent for de-360 formation directly translates to how users shape their hand and 361 (b) the rate of attraction for pulling and pushing must be deter-362 mined separately so as to make them consistent. We found that 
Results
498
The following paragraphs briefly summarize the observa- (Figures 9(a) ). This was an interesting 526 common pattern since we had assumed that users will create 
539
The use of two hands was particularly prevalent for round- 
Takeaways
567
There were two main issues with the proximal-attraction ap-568 proach. First, pulling was clearly more difficult since the rate 569 of attraction was designed to be lower than that of pushing. 
Technique
587
The basic idea of the grasp+motion approach is to summarize the grasp of the hand in relation to the surface of the pot and subsequently classify the user's action (Figure 10 ). We achieve this by using kernel-density estimation of the point cloud on the axis of the pot. In our context, this kernel-density estimate (KDE) is essentially a smoothed histogram of the distribution of the hand's PCL on the pot's. We use the exponential function to determine the KDE. For a given section i, the KDE is given by: However, during T1, users mentioned that their attention was 736 divided due to the need to intermittently look at the target shape 737 during the shaping process. Thus, they generally perceived T1 738 to be more demanding than T2. We made two observations that were not evident in the ear-
740
lier stages. First, we found that the ability to repeat the process 741 of getting from an initial shape to the same final shape. Simi-742 larly, the ability to get to some previous state from the current 743 state was increased substantially. We observed that most of the 744 participants were successfully able to use their hands to undo a 745 pot deformation instead of the keyboard-shortcut.
746
Geometric Characterization of Tools. However, in order to better understand how users would use 750 these objects, we wanted to pre-determine how the intent of 751 pulling and pushing translates to the use of physical objects. grasp+motion approach and apply it to the use of physical tools.
755
Our experiments showed that the geometry of the tool can in- we observed exploratory behavior in users while using tools.
766
Rather than creating pots, most users were more interested in 767 finding out the effect of each of the objects provided to them. Figure 20 : Asymmetric deformation can be applied to a pot in two steps. When the pot is rotating, we apply the axial KDE (top row) of the hand PCL for deforming the profile of the pot. Subsequently, users can stop rotating the pot and deform the pot locally using the polar KDE (bottom row).
In terms of our evaluation approach, our participants were 
887
To see how these ideas can be used to conceptualize an arbi-888 trary deformation of a shape, we make two observations. First, 889 the pot is a cylindrical shape with a simple parametric repre-890 sentation and the axis of the cylinder is essentially its skeleton. This is where we invoke our second observation that an arbi- 
